Considerable evidence in preclinical models as well as in human transplantation now suggests that donor-derived natural killer (NK) cells can contribute to alloimmune recognition of recipient residual tumour cells. This makes the NK cell population an attractive target for in vitro or in vivo manipulations, in order to improve the antitumour effect of allogeneic transplantation. However, conditions in which allogeneic donor cells are collected vary; several reports have emphasised the different phenotypic and functional properties of T cells derived from marrow, cord blood or mobilised peripheral blood grafts; others have demonstrated different clinical outcomes following blood or marrow transplantation after myeloablative conditioning regimens. NK cells have been examined in this setting; the availability of new tools to study the expression of a variety of surface antigens that are involved in the control of NK cell activity offered us an opportunity to extensively characterise the phenotypic properties of NK cells from donors, before and after administration of pharmacological doses of rhG-CSF used for haematopoietic progenitor mobilisation. Our study suggests that rhG-CSF does not reproducibly alter blood NK cell phenotype in normal individuals, and thus that donor-derived cells are fully equipped to exert their potential antitumour effect. Bone Marrow Transplantation (2005) 35, 25-32.
natural killer receptors; natural cytotoxicity receptors Allogeneic transplantation is now widely accepted as an efficient modality of immune intervention to treat patients with poor-prognosis malignancies. 1 The graft-versus-leukaemia or graft-versus-tumour (GVT) effect has been well recognised, and involves recognition of residual host tumour cells by donor-derived immune effectors. A number of lines of evidence suggests that T cells play a prominent role: graft-versus-host disease (GVHD) lesions are infiltrated with donor-derived T cells. T-cell depletion results in a sharp diminution in the frequency and severity of GVHD, at the expense of an increase in relapse rate;
2 most attempts at manipulating the T-cell compartment have provided equivalent observations, suggesting that the highly desirable goal to dissociate GVHD and GVL through these means will be difficult to achieve.
More recent evidences suggest that natural killer (NK) cells may also contribute to allorecognition of host tumour cells. In murine models, NK cells from fully allogeneic donors support GVT effect, while they do not trigger GVHD following T-cell-depleted transplantation. 3 In humans, the experience with haploidentical transplantation has provided a setting to demonstrate that NK cells that are activated as a result of 'Killer Immunoglobulin like Receptor (KIR) ligand incompatibility' between donor and recipient contribute to the eradication of residual acute myeloid leukaemia cells, and an improved disease-free survival. 4, 5 This was further supported by the demonstration that these NK cells can eradicate human leukemic cells that were previously xeno-transplanted in NOD-SCID, and that activated murine NK cells can be used as part of the conditioning regimen to eradicate endogenous haematopoiesis in a murine model of transplantation. 5 While the advantage of 'KIR ligand incompatibility' was not systematically demonstrated in other transplantation contexts, [6] [7] [8] the positive results observed in recipients of haploidentical transplants have aroused considerable interest in the manipulation of NK cells.
The molecular mechanisms that preside over NK cell activation are increasingly being understood. Key players in this phenomenon are two groups of membrane receptors. NK receptors (NKR) comprise two structurally distinct types of molecules: the CD94/CD159a (NKG2A) heterodimer binds MHC class E molecules on target cells, while KIR molecules constitute a highly polymorphic group of molecules that bind various HLA-A, -B and -C antigens. 9 KIR and NKG2 molecules are classified as inhibiting and activating receptors, depending on their intracytoplasmic and trans-membrane domains, while polymorphism in the extracellular domain specifies the recognition of different HLA-A, -B or -C antigens. 10 Inhibitory receptors are usually dominant over their activating counterparts, and one of the NKR fundamental roles is to prevent NK cell activation. Another important set of molecules is natural cytotoxicity receptors (NCR): NKp30, NKp44 and NKp46, recognise mostly unidentified ligands and, as a consequence, activate NK cell cytotoxicity. 11 In addition, the lectin-like molecule NKG2D participates in NK cell activation; ligands for NKG2-D were recently identified: these are stress molecules such as MIC-A, MIC-B or ULBP/RAET, which are induced on target cells in various situations, including viral infection 12 and tumour transformation. 13 NK cells express other functionally relevant antigens, including CD16, one of the Fcg receptors. Low or high levels of the CD56 membrane antigen on CD3
À cells distinguish between cytokine secreting and cytotoxic NK cells, respectively.
14 NK cells express Pen5 or CD162R, a glycosylated variant of the PSGL-1 molecule that acts as a ligand for selectins. 15 They also express costimulatory molecules as well as cytokine receptors. Following activation, cytotoxic NK cells exert their activity through the perforin-granzyme pathway, and induce apoptosis in target cells.
Physicians, who perform allogeneic transplantations, now have the choice of various types of grafts and collection procedures. The use of cord blood (CB) provides a graft with small numbers of haematopoietic progenitors, and thus restricts its use mostly for children. For adults, the use of allogeneic bone marrow (BM) grafts remained the 'gold standard', up to a recent period, when the substitution of allogeneic blood cell graft was evaluated, following a myeloablative regimen. The use of either type of graft in this setting produced clearly distinct results: allogeneic aphereses produce a more rapid neutrophil and platelet recovery than marrow grafts, as a consequence of a higher content in CD34 þ progenitors. Consequences on GVHD incidence, relapse rate and survival remain controversial, 16, 17 although a recent meta-analysis of several clinical trials (European Haematology Association Annual Meeting, EHA 8, Geneva, 11-14 June, 2004. Abstract # 265. Allogenic peripheral blood stem cell transplant vs bone marrow transplant in the management of haematological malignancies: an individual patient meta-analysis of nine randomised trials. By the Stem Cell Trialists' group) suggest that allogeneic peripheral blood (PB) cells produce a higher incidence of chronic GVHD as a consequence of a higher content in lymphocytes and -at least for patients at high risk of relapse -produce a better antileukaemic effect and lower rate of relapse. 18 In this context, it is important to determine what are the consequences on lymphocyte populations of the use of pharmacological doses of rhG-CSF to mobilise haematopoietic progenitors in donors. Most published reports [19] [20] [21] [22] [23] [24] have focused on T-cell phenotype or function, and suggest that rhG-CSF may truly be an immunomodulator in addition to being a mobilisation agent. Manipulation of the NK cell compartment will require an assessment of the consequences of rhG-CSF exposure on this cell population.
In a previous report, 25 we validated a protocol for a detailed phenotypic analysis of donor NK cells, using cryopreserved samples of marrow or blood grafts, and a set of murine monoclonal antibodies directed mostly to NKR. We here present a follow-up of this study, in which we prospectively analysed fresh blood and apheresis samples obtained from normal donors before and after they received rhG-CSF for mobilisation of haematopoietic progenitors.
Materials and methods

Donors and samples
A total of 28 normal donors were sequentially studied for NK cell phenotype. After informed consent, cell samples were sequentially obtained following rhG-CSF administration (apheresis #1, #2), or at a distance from a mobilisation treatment (PB before rhG-CSF infusion, PB, or samples of donor lymphocyte infusion, DLI, obtained before rhG-CSF infusion or between 2 and 28 months after the first rhG-CSF infusion). rhG-CSF (Lenograstim, Chugai, Paris) was given as per institutional protocol (10 mg/kg/day, rounded to a unique daily dose of 600 mg, for 6 days). Aphereses were performed after injections #4 and #5 (apheresis #1, #2, respectively). Owing to the high number of parameters to be studied and the limited number of cells available for each sample, not all parameters were studied on each sample.
As controls, 25 BM samples were obtained during collection for allogeneic transplantation. In total, 25 discarded CB were obtained from the French Network of Cord Blood Banks (RFSP, CB were discarded because of insufficient volume or insufficient number of haematopoietic progenitors, as per procedure). All grafts were analysed for their content of nucleated cells and lymphoid subpopulations by flow cytometry, using standard procedures at our institution. 26 For NK cell phenotype studies, EDTA anticoagulated samples were obtained from cell therapy products (aphereses, BM, CB and DLI), or were obtained from the donor through vein puncture (PB). Mononuclear cells were recovered after Ficoll density gradient centrifugation and processed for flow cytometry analysis within 24 h.
Antibodies and flow cytometry
The following mouse mAb were used in this study:
) and anti-CD56 (IgG1, N901). These mAb and their isotype-matched negative control mAb were purchased from Beckman Coulter Immunotech (Marseille, France) except for NKG2D mAb, purchased from R&D systems (Lille, France). It is important to note that, except for FES172 -anti-CD158i -which recognises a KIR identified only as an activating receptor, antibodies directed against other KIR molecules (anti-CD158a/h, antiCD158b1/b2/j and anti-CD158e1/e2) do not discriminate between activating and inhibiting isoforms of the molecules. For intracellular staining, the following PE-coupled mAb were used: anti-perforin mAb (IgG2b, dG9), purchased from Becton Dickinson Pharmingen (San Diego, USA) and anti-granzyme B (IgG1, GB11) from Serotech (Oxford, UK).
NK cells were identified as CD3
þ cells, with low FSC and SSC, using threecolour flow cytometry and FITC-labelled anti-CD3, PC5-labelled anti-CD56 and anti-CD16 mAbs. Subsequently, we separately analysed the CD56 bright and CD56 dim NK cell subsets for NCR (NKp30, NKp46), NKG2D, CD162R, perforin and granzyme B expression; cells were labelled with specific PE-labelled anti-NK mAb, FITC-labelled anti-CD3 and PC5-labelled anti-CD56 mAb (CD16 mAb was no longer utilised in this set of experiments). The pelleted cells were analysed with a FACSCalibur flow cytometer (Becton Dickinson Immunocytometry System). Data were analysed using the CellQuest t software (BD). At least 10 000 events were collected in the CD3
þ lymphocyte gate. Absolute NK cell numbers were computed from the total numbers of viable mononuclear cells, the percentage of lymphocytes in the graft sample and the percentage of NK cells within the lymphocyte gate.
Intracellular perforin and granzyme B were detected on EDTA anti-coagulated samples, using the IntraPrep permeabilisation reagent (Beckman-Coulter-Immunotech) following the manufacturer's recommendations. Briefly, fresh mononuclear cells were first stained with PE-labelled anti-CD56 and FITC-labelled anti-CD3 (or isotypematched negative control) mAbs, in PBS supplemented with 5% foetal calf serum. After washing, pelleted cells were fixed and permeabilised, before intracellular staining with PE-conjugated anti-granzyme B or anti-perforin mAbs. Data acquisition and analysis were performed as described above.
For NCR, NKG2D, perforin and granzyme B, we calculated a 'specific fluorescence intensity (sMFI)' 13 for total NK, CD56 bright and CD56 dim NK cells sequentially obtained from normal donors. We defined sMFI as the ratio of the MFI of the considered population (NK, CD56 bright and CD56 dim NK cells) stained with a given relevant mAb, over the MFI of the same population stained with the appropriate isotypic control mAb.
Statistical analyses
Comparisons between unpaired values were carried out using either the Student t-test or the Mann-Wittney U-test, depending on the numbers of observations. Descriptive statistics and comparisons were computed with the Statview s software for Macintosh computers.
Results
Variations in NK cell number and phenotype in CB, adult BM and adult PB As previously described, 25 the absolute numbers of NK cells defined as CD3
þ cells, differ in CB, BM or adult PB cell therapy products. This is mostly the result of a higher number of cells in aphereses than in BM and CB. The percentage of NK cells within the lymphocyte subpopulation in CB is approximately twice the value observed for BM (P ¼ 0.0108) and apheresis samples (P ¼ 0.0066), NK cell frequency being similar in adult cell therapy products (Figure 1a) . However, the low cellular content of CB units results in a lower absolute number of NK cells in this type of allogeneic graft. The relative proportion of CD56 dim and CD56 bright NK cells is not statistically different in the three types of graft (Figure 1b) . The CD162R molecule is expressed on fewer NK cells in (Figure 2a  and b) . We also analysed the density of CD158i (KIR2DS4) -a KIR molecule known for its activating functionexpression at the cell surface. Consistent with the known polymorphism for KIR molecules, NK cells expressed CD158i only in certain individuals (11/23). For three CD158i þ normal donors that we studied before and after rhG-CSF infusion (# 5, 9 and 12), the CD158i expression profile was unchanged before and during G-CSF mobilisation.
Sequential analyses showed that rhG-CSF administration does not modify the percentage of NKp30 þ , NKp46 (Figure 3b ). Since the cytolytic activity of NK cells has been reported to depend upon the level of NCR expression, 27 we studied whether these cell surface receptor densities were modified by rhG-CSF infusion: no significant modulation of expression level was observed for any of the three receptors.
As expected, NK cells from normal donors constitutively express perforin and granzyme B in their intracytoplasmic granules. Consistent with their known and distinct functions, all CD56 dim NK cells expressed cytolytic enzymes, while CD56 bright NK cells were more heterogeneous for both markers. rhG-CSF infusion did neither reproducibly modify the proportion (Figure 4a) , nor the expression level (Figure 4b ) of perforin and granzyme B. As for previously analysed markers (Figures 2 and 3) , we observed individual variations following rhG-CSF administration, but these variations were not reproducible. Finally, it was not possible to correlate the mobilisation procedure with a significant modulation of perforin and granzyme B expression. 
CD56
þ /CD16 þ lymphocytes than BM and CB (1.5-fold, P ¼ 0.0389, and 1.9-fold-P ¼ 0.0033, respectively).
Contrary to what we observed for NK cells, CD94 and CD159a (NKG2A) were significantly less expressed on Similar to what we observed for NK cell analysis, rhG-CSF administration was associated with a nonsignificant decrease (20-25%) in the frequency of CD3
þ lymphocytes. Sequential analyses of CD3 þ cells that coexpress CD56 did not reveal any significant change in NKR (Figure 2c ) or in NKG2D (Figure 3c ) expression following rhG-CSF administration. Expression of NKp30 and NKp46 was basically undetectable in this cell population (n ¼ 21 -not shown).
Finally, 70.9715.9% and 59.5718.9% of unmobilised PB CD56 þ T cells displayed detectable expression of perforin and granzyme B, respectively. The proportion of the perforin þ subset decreased in apheresis products for the four analysed donors (Figure 4a ), while granzyme B expression profile was not reproducibly modified (Figure 4a  and b) . Interestingly, only a small subset of CD3 þ /CD56 À T cells expressed perforin and granzyme B (7.576.2 and 9.873.5%, respectively).
Discussion
We performed a detailed analysis of NK cells that were obtained from normal donors in various conditions. The study focused on recently identified receptors that were shown to be involved in NK cell activation. As already demonstrated, NK cell numbers vary between adult PB, adult BM and CB allogeneic grafts, mostly as a result of different numbers of total cells in these different cell therapy products. However, the phenotype of NK cells essentially remains the same in these three different categories of samples, with the exception of a higher expression of CD94 and CD159a on CB cells.
Most importantly, the sequential follow-up of normal donors, who received pharmacological doses of rhG-CSF for progenitor cell mobilisation, revealed no significant change in membrane receptor expression, or in the presence of intracytoplasmic perforin or granzyme B. While interindividual variations in NKR and NCR expression may mask small changes in the expression level of these receptors, no reproducible pattern emerged to support a major effect of rhG-CSF. Another limitation associated with phenotypic studies is the inability of many currently available antibodies to discriminate between inhibiting and activating forms of NKR. Despite these limitations, our data suggest that rhG-CSF does not significantly affect NK cell phenotype, and thus that NK cells obtained from allogeneic aphereses are fully equipped for in vitro selection or activation. Although we did not perform functional assays, and several mechanisms account for the antitumour effect of NK cells, 28 the flow cytometric evaluation of perforin and granzyme expression provides an insight on the cytolytic ability of NK cells.
Immunomodulatory effects associated with rhG-CSF used for progenitor cell mobilisation have been described in a number of studies. [19] [20] [21] [22] [23] 25 While results vary between studies, the influence of rhG-CSF has been reported on monocytes, 21 T cells [21] [22] [23] and NK cells. 20, 22, 23 There are contradictory reports on changes in the absolute numbers of NK cells and their proportion within total lymphocytes, following rhG-CSF administration. 20, 22, 23, [29] [30] [31] [32] [33] Functional assays produced equally contradictory results, 31, [33] [34] [35] [36] [37] [38] although in most instances impaired natural cytotoxic activity against NK-sensitive cell lines was evidenced after rhG-CSF treatment. Two studies reported a decreased expression of proinflammatory cytokines such as IFN-g, IL-2 and TNF-a 31,39 after rhG-CSF mobilization; interestingly, they observed no change in perforin, Fas and Fasligand expression on allogeneic NK cells, a result consistent with our observations.
There is no evidence that NK cells express the G-CSF receptor. In addition, no effect of G-CSF has been documented in a variety of in vitro assays, using either selected or unselected NK cells 35, 40 ; the latter observation suggests that other accessory mononuclear cells do not mediate an indirect effect that would change NK cell functions. There is one report 41 however in patients with aplastic anaemia, particularly those treated with rhG-CSF, that suggests that neutrophils may interact directly with NK cells to reduce their cytolytic activity.
Several groups 17, 33, 35, 39 already demonstrated that rhG-CSF administration in vivo had no effect on the expression of CD2, CD7, CD8, CD16, CD25, CD94, CD161 and NKB1 receptors on PB NK cells. There is only one report that suggest a downmodulation of CD56 cell surface density, on both CD56 bright /CD3 À cells and CD56 dim / CD3 À cells. 41 No report has provided an extensive evaluation of functionally important NK cell receptors. Our study extends previous observations, and confirms that administration of rhG-CSF to healthy donors does not alter the phenotype of PB NK cells.
While rhG-CSF has no or little effect on the phenotype of mature NK cells, another hypothesis is that it may compromise the ability of haematopoietic progenitors to differentiate towards the NK lineage. The addition of rhG-CSF to cultures impairs the NK cell differentiation of both PB and BM CD34 þ Lin À DR À cells. 20 However, in appropriate culture conditions, immunoselected mobilized PB CD34
þ cells can differentiate in vitro into NK cells. 42 This is further confirmed by clinical results in recipients of haploidentical transplantation: NK cells that rapidly arise from the donor T-cell-depleted graft after transplantation are able to mediate antitumour activity in case of KIR ligand incompatibility. Together with published data, our results suggest the absence of a major impact of rhG-CSF administration on the phenotype of NK cells. Thus, ex vivo manipulation of the mature NK cell compartment from these cell therapy products appears feasible.
